SUMMARY
INTRODUCTION
reported air speed. When bats attempted to land, an investigator interrupted landing approaches 1 4 0 to ensure that each subject flew continuously for 1-2 min (mean landing approaches per trial ± 1 4 1 one standard deviation: 3.6 ± 4.3).
4 2
We recaptured bats after about one minute of flight using a handnet. Then, subjects were weighed the bats to the nearest 0.01 g using a precision electronic balance (Denver Instrument, from directly below the study subjects during experimental flights, from a frame taken from mid- ( Pennycuick, 1989) . From the wing image, we calculated aspect ratio (wing span squared divided 1 4 9
by total wing area) and wing loading (body mass times gravitational force divided by wing area) 1 5 0 (Table 1) . After experiments, bats were returned to the colony. chamber, were excluded from the analysis, and replaced with a subsequent trial for the specific 1 5 6
individual and wind tunnel speed. We rejected 24 trials in total (7, 1, 2, 5, 3, 0, 6 trials for 1 5 7
individual 1 through 7 respectively). We performed blind data analysis to avoid any bias in speed of a given trial. For data analysis, we focused on a 20 min period starting about 3 min after flight period separately. Based on these regressions, we extrapolated the 13 C enrichment in the 1 6 6 exhaled breath of animals at the onset and end of the flight period. We calculated k c for flying 1 6 7 bats according to:
where x E ( 13 C) was the 13 C excess enrichment (in atom%) at the start and stop of the flight trial
and t the flight duration (min). k c (min -1 ) was multiplied by the total body bicarbonate pool N c 1 7 1
(mol) as calculated by the plateau method (Voigt and Lewanzik, 2011) , and converted to carbon 1 7 2 dioxide production rate ( ; ml min -1 ) by multiplication with 22.4 l mol -1 . We applied correction factors based on pre-flight as measured by isotopic and respirometric method and based on isotopic estimates of during the flight period (Hambly, 2004a; Hambly, 2004b; 1 7 5 Hambly and Voigt, 2011; Hambly et al., 2002; Voigt and Lewanzik, 2011 ; Voigt and Lewanzik, by 21.1 J ml -1 CO 2 produced and divided the result by 60. equal to the wingspan of the animal. The actuator generates downward directed momentum, power is the sum of the induced, parasite and profile power: P mech = P ind + P par + P pro . Induced
power is the rate of work that arises from imparting downward momentum to the air in the drag of the body and the drag of the wings moving through the air, respectively. In this model,
the specific power components are calculated as follows (Pennycuick, 2001 ):
where κ is the induced drag factor, m is body mass, g is acceleration due to gravity, ρ is air
2 / 4, and U is wind speed; 
where C pp is the profile power constant C pp = 8.4, P am is the 'absolute minimum power',
calculated as the minimum value of P ind + P par , and AR is the aspect ratio of the wing. To test whether flight metabolism is related to flight speed, we calculated a repeated
measures ANOVA over all individuals and all flight speeds, using Systat (Version 11). We 2 0 9
conducted two-tailed tests with an alpha value of 5 %. Data are presented as means ± one
standard deviation if not stated otherwise.
For statistical testing of the total metabolic rate, we employed a mixed linear model using OriginPro 8 (OriginLab Corporation, Northampton, USA). intraperitoneal injection of 13 C-labeled Na-bicarbonate ( Fig 1A, B) . Carbon dioxide production 2 2 2 rate usually decreased in resting bats over the course of the experimental period (Fig. 1A ).
3
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Fractional turnover of the 13 C label followed an exponential decline (Fig. 1B) .
4
We calculated both first-and second-order polynomial regression models for the seven 2 2 5
individual datasets (Table 2 ). According to the best fit (highest R 2 value, lowest p value), five out
of seven individuals exhibited a U-shaped relationship between metabolic power and air speed,
which corresponded to a second-order polynomial fit (Table 2 , Fig. 2b-f ). Two individuals
showed an inverse U-shaped relationship between metabolic rate and air speed; given the lack of 2 2 9
predictive theory for such a relationship, we chose to fit the data for these individuals with a 2 3 0 linear regression calculated using the least squares method (Table 2 , Fig. 2a,g ). When data were analyzed by individual, significant regressions were observed in only two subjects (p < 0.05; were pooled, metabolic rate showed a U-shaped relationship with air speed (R 2 = 0.49, p < was not significant. Metabolic rate was independent of the number of landings within a trial group factor, number of landings and speed as covariates and number of landings x speed; F = 2 3 8
1.03, DF = 10, p = 0.44).
3 9
Robust statistics show that the medians for metabolic power over all individuals followed a maximum range speed at about 8.5 m s -11 (Fig. 3) . The minimum power speeds derived from the 2 4 9
five individuals with U-shaped power curves differed significantly from the minimum power power as predicted by aerodynamic modeling. Is the bat flight power curve U-shaped?
We investigated the flight speed dependence of power consumption of Seba's short-tailed
bats, Carollia perspicillata, in wind tunnel flight. We used the 13 C-labeled Na-bicarbonate tunnel over a range of controlled air speeds (1-7 m s -1 ). A major benefit of the 13 C-labeled Na- from a relatively large number of individuals without extended time to train subjects to fly in 2 6 8 front of a respirometry mask.
6 9
We tested whether metabolic rates follow the predicted U-shaped curve in C. perspicillata,
and the degree to which their flight power matched specific predictions of a model developed for Two kinds of effects could lead to the observed variation of flight metabolism among This phenomenon has been quantified for escape flights in pigeons (Biewener and Dial, 1995) 2 8 7
and great tits (Krams, 2002) , and weight-carrying in bats (Iriarte-Díaz et al., 2012) . This stiffness (Swartz, 1998; Swartz et al., 1996) , bats have greater potential than birds or insects to 2 9 3 modulate wing kinematics and hence aerodynamic forces. The second type of effect could be our constraints. Another source of inaccuracy is intrinsic to the 13 C-labeled Na-bicarbonate technique Metabolic power has been assessed previously in several bat species, ranging in body
mass from approximately 18 to 800 g (Busse, 2011; Carpenter, 1985; Carpenter, 1986 ; Thomas, metabolic rates of all species studied to date fall in the range of 50 to 150 W kg -1 , the same range
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power is computed from muscle, rather than whole body mass (Willmott and Ellington, 1997a) .
This comparison also highlights that our study is the first to show a pronounced U-shaped pattern 3 2 2 for bats; previous studies suggest a J-or L-shaped curve for metabolic rate/flight speed 3 2 3
relationship. These data were collected with respirometric masks, which could have influenced
investigators' abilities to obtain data at low and high speeds, limiting exploration of the speeds and hovering may be difficult or impossible. We speculate that other species may exhibit 3 2 7
a U-shaped power curve when tested with experiments that include higher and/or lower flight
speeds, and that our observations on C. perspicillata will not prove unusual. The ratio of mechanical power, the total power of aerodynamic force production,
reflected in the wake, to metabolic power, which includes basal metabolism and postural control, Rayner , 1986; Rayner, 1994; Rayner, 1999 ; bird pectoralis efficiency changes with flight speed;
Morris et al., 2010). Based on the theoretical prediction, the mechanical efficiency of C. reported for flying vertebrates. Using the pectoralis muscle as a proxy for the whole organism, theory (e.g. Bernstein et al., 1973; Dudley and Winter, 2002; Thomas, 1975; Tucker, 1972 directly from the flight musculature (but see Morris et al., 2010) . These direct measurements 3 4 8 yield a lower mechanical power output than the calculations based on aerodynamic theory.
However, the method of direct measurements of flight muscle power production may prove 3 5 0 inappropriate for bats; unlike birds and insects that use primarily one or two muscles for force
production which are active mostly during the lift-generating downstroke, bats employ multiple
muscles for force production and these activity patterns of flight muscles over the wingbeat cycle
are complex (e.g. Hermanson and Altenbach, 1985) .
Although the minimum power speed predicted by the fixed-wing aerodynamic model lies
close to the minimum power speed we observed, beyond this speed, our measurements and the this discrepancy. First, we report metabolic measurements classified by speed as designated by advancing with respect to a stationary point in the test section. This would tend to shift the 3 6 0 measured curve to the left, and therefore increase the agreement with the predicted curve. nature, and this increment is greater at higher speeds, we would observe increasing divergence that the theoretical model may be appropriate for producing general predictions of bat flight 3 6 7 
